Objective: The epileptogenic network underlying secondarily generalized tonicclonic seizures (sGTCS) in mesial temporal lobe epilepsy (mTLE) is not well understood. Here, we investigated alterations in the probabilistic hippocampal-thalamic pathway (pHTP) underlying sGTCS using diffusion tensor imaging and resting-state functional magnetic resonance imaging in a cohort of TLE patients with hippocampal sclerosis (HS). Methods: We consecutively recruited 51 unilateral TLE-HS patients (26 with and 25 without sGTCS) and 22 healthy controls. Probabilistic tractography was used to track the pHTP. Raw fractional anisotropy (FA) and mean diffusivity (MD) of the pHTP were corrected by the FA/MD of the hemispheric white matter on the same side. The volume of the thalamic subregion connected to the hippocampus (TSCH) was investigated. Fractional amplitude of low-frequency fluctuations of the hippocampus, the TSCH, and the thalamic subregion unconnected to the hippocampus in resting-state functional magnetic resonance imaging were also calculated. Results: After correction, the sGTCS group showed lower FA than the nonsGTCS group (P = 0.03), and lower FA as well as higher MD than controls in the ipsilateral pHTP. The non-sGTCS group only showed higher corrected MD in the ipsilateral pHTP relative to controls. Corrected FA or MD in the contralateral pHTP did not differ among groups. The TSCH was located in the mesial aspect of the thalamus, and it was atrophied in the sGTCS group compared to the nonsGTCS group and controls. The sGTCS group had lower fractional amplitude of low-frequency fluctuations in the ipsilateral hippocampus and TSCH compared to controls. Significance: In TLE-HS, sGTCS was associated with impaired integrity of the pHTP as well as structural and functional abnormalities in the medial thalamus.
| INTRODUCTION
Temporal lobe epilepsy (TLE) is the most common focal epilepsy in adults and is often resistant to antiepileptic drugs, especially in patients with hippocampal sclerosis (HS). Secondarily generalized tonic-clonic seizures (sGTCS) are common and disastrous events in TLE. 1, 2 Resective surgery is effective for pharmacoresistant TLE. Temporal lobectomy renders long-term seizure freedom in 52.6%-67% of patients with TLE-HS. [3] [4] [5] However, history of sGTCS is a negative predictor of seizure freedom. 1, 4, 6 In addition, the epileptogenic network of sGTCS is still not well known in TLE. Thus, elucidating the brain network underlying sGTCS may improve the strategy for treating TLE in the future.
Much evidence exists showing thalamus involvement in idiopathic generalized epilepsy with generalized tonic-clonic seizures. 7, 8 Recently, some studies suggest that thalamic functional abnormality is associated with sGTCS in temporal and extratemporal lobe epilepsy. 9, 10 Our previous study revealed that the medial thalamus was the predominantly atrophied area in patients with sGTCS relative to those without sGTCS in a cohort with TLE-HS. 11 This suggests that the medial thalamus may be a pivotal structure of the sGTCS network in mesial TLE (mTLE). At the same time, the hippocampus is a key part of the epileptogenic zone in mTLE. We recently found that excitatory hippocampal signals originating from the subiculum could directly modulate the susceptibility for sGTCS in rodent models of TLE. 12 Herein, we hypothesized that alterations in the hippocampal-thalamic pathway (HTP) could contribute to generation of sGTCS in mTLE. Diffusion tensor imaging (DTI) is a noninvasive tool to track cerebral pathways and evaluate white matter integrity. 13 Resting-state functional magnetic resonance imaging (fMRI) is another tool to record spontaneous blood oxygen level-dependent fluctuations in the brain. Fractional amplitude of low-frequency fluctuations (fALFF) is a sensitive and specific parameter and relates to pathological alteration in epilepsy. 14, 15 In this study, we used DTI to track the probabilistic HTP (pHTP) and investigate its integrity in patients with TLE-HS and healthy controls. The volume of the thalamic subregion connected with the hippocampus (TSCH) was measured as well. We also investigated fALFF in the hippocampus, TSCH, and thalamic subregion unconnected with the hippocampus (TSUH) using restingstate fMRI. We assume that the HTP participates in the generation of sGTCS in mTLE, and impairment of the HTP in patients with sGTCS could be reflected in alterations of FA/MD values of the pHTP in DTI as well as fALFF value in resting-state fMRI.
| MATERIALS AND METHODS

| Participants
We consecutively recruited 51 patients (25 with sGTCS and 24 without) with unilateral TLE-HS from our epilepsy center between April 2014 and July 2018. Diagnostic and inclusion criteria were previously described. 11, 16 In short, all patients were diagnosed by at least two experienced epileptologists based on detailed medical history, seizure semiology, long-term scalp video electroencephalogram, routine epileptic MRI, and neuropsychological assessments. The diagnosis of sGTCS was based on seizure semiology. The characteristics of sGTCS are bilateral rigid tonic extremities followed by rhythmic clonic jerks, accompanied by complete loss of consciousness. Twenty-two healthy volunteers without neurologic or psychiatric diseases were recruited as controls. This study was approved by the Medical Ethics Committee of the Second Affiliated Hospital, Zhejiang University School of Medicine (Study No. 2014-151), and written informed consent was obtained from all participants. The demographic and clinical data of the participants were summarized in Table S1 .
| MRI protocol
MRI images were acquired with a 3.0-T Discovery MR750 (GE Healthcare) scanner with an eight-channel head coil. All patients were scanned at least 3 days after their latest focal seizure and at least 7 days after the latest sGTCS. All subjects were asked to keep their eyes closed, remain motionless, and be relaxed during scans. 
| Structural image processing
FreeSurfer software (v6.0.0, http://surfer.nmr.mgh.harva rd.edu) was used to automatically segment 3D-BRAVO images through the standard recon-all procedure. 17 Hippocampal and thalamic masks, as well as hemispheric white matter masks, were created and visually checked.
Manual editing was performed if necessary.
| Diffusional image analysis
Functional Magnetic Resonance Imaging of the Brain (FMRIB) Diffusion Toolbox in FMRIB Software Library (v5.0.9, http://fsl.fmrib.ox.ac.uk/fsl) was used to process diffusion images. Each diffusion-weighted image was affine registered to the base nondiffusion (b0) image for correcting head motion and eddy currents distortion. The gradient directions were also reoriented according to the transformational result as previously suggested. 18 Then, nonbrain tissue was removed. At each voxel in the brain, diffusion tensors were reconstructed by FMRIB Diffusion Toolbox's DTIFIT, and diffusion parameters were determined by the bedpostX tool. 19 Before probabilistic tractography, hippocampal and thalamic masks in T1 space were registered to the diffusional space ( Figure 1 ). Probabilistic tracking was performed between the hippocampus and thalamus in each hemisphere. 19, 20 In this study, fibers were allowed to enter the target mask, but were terminated as soon as they exited the target mask, so that only fibers between the hippocampus and thalamus were preserved. We performed probabilistic tractography both from hippocampus to thalamus and from thalamus to hippocampus. For each voxel in the seed mask, 5000 times tracking was performed. Fiber distribution maps derived from the inverse tracking between the hippocampus and thalamus were averaged for further analysis. 21 Using averaged fiber distribution maps, voxels of <100 fibers passing through were excluded to avoid nonspecific connections and image noise. 22 The resulting images were binarized to generate masks of pHTP. The TSCH was defined as the overlapping area between the thalamus and pHTP; the remaining thalamic area without overlapping with the pHTP was defined as the TSUH. The TSCH volume was calculated as percentage of total thalamic volume. Mean fractional anisotropy (FA) and mean diffusivity (MD) of the pHTP were calculated using FMRIB Software Library utility tools to reflect its integrity. Because widespread injury of white matter was found in TLE, 23 corrected FA and MD were also calculated to confirm that impairment of the pHTP was only a reflection of global white matter changes. Corrected FA and MD were expressed as the ratio of raw FA/MD to mean FA/MD of the same side hemispheric white matter ( Figure 1D ). Spatial variability of the pHTP and the TSCH in different subjects was investigated using a previously described method. 24 All subjects' binary pHTP and TSCH masks were nonlinearly registered to the Montreal Neurological Institute 152 standard space and averaged to generate probability maps. For example, a voxel with probability value of 0.25 in the left pHTP probability map indicated that the left pHTP passed through this voxel in one-quarter of all subjects. 
| Functional image analysis
Resting-state fMRI data were analyzed in DPABI (http://rf mri.org/dpabi) with SPM8 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm8). The first 10 volumes were discarded to ensure steady baseline conditions. Slice timing and head motion correction were performed. Subjects with head motion > 2.0 mm of translation or 2.0 degrees of rotation were discarded. Mean frame-wise displacement was calculated to minimize the impact of micromovements across groups. 25 Then, the fMRI data were normalized to the Montreal Neurological Institute 152 standard space and resampled to 3 × 3 × 3 mm 3 voxel size with a smoothing kernel of 6 mm (full width at half maximum). The data were then detrended. Signals from white matter and cerebrospinal fluid as well as Friston's 24 motion parameters were regressed out as nuisance variables. The fALFF was calculated in each voxel as the ratio of amplitudes in the low-frequency range (0.01-0.08 Hz) to that in the full-frequency range (0-0.25 Hz). 26 Each subject's hippocampal and thalamic masks (TSCH and TSUH) were registered to the functional space and then normalized to the Montreal Neurological Institute 152 space for fALFF calculation.
| Statistical analysis
Data analysis was completed using SPSS (v20; IBM). Chisquare tests were used to compare categorical variables (eg, gender), and Student t tests were used to compare continuous variables between patients with and without sGTCS. Analysis of covariance with gender and age as covariants was used to compare group differences in image parameters including volume, FA, MD, and fALFF among sGTCS, non-sGTCS, and control groups. In comparing group differences in the hippocampal and thalamic volumes, intracranial volume was included as an additional covariant. False discovery rate correction was used for multiple comparisons. 27 Where significant differences (P < 0.05) were observed among the three groups, a post hoc Bonferroni pair-wise comparison test was completed. Pearson correlation was used to investigate relationships between clinical characteristics and image features.
Because roughly half of all patients (52.9%) had right HS, healthy controls were divided in half and randomly assigned to one of two groups defined as right or left hemisphere for seizure onset.
| RESULTS
| Hippocampal and thalamic volumes
The sclerotic hippocampus of both sGTCS and non-sGTCS groups was smaller than normal hippocampus of healthy controls (both P < 0.001). No difference in sclerotic hippocampus volume was found between the two patient groups, and no differences in contralateral hippocampus or bilateral thalamus volumes were found among the three groups (Table S2 and Figure 2A and 2B) . However, the ipsilateral TSCH was atrophied in the sGTCS group compared to the non-sGTCS group and controls (P = 0.005 and 0.04; Figure 2C ). At the same time, contralateral TSCH volume was similar among the three groups (F = 1.69, P = 0.19).
| Probabilistic hippocampal-thalamic pathway
We found that the pHTP derived from DTI involved the main body of the fornical pathway, including the hippocampal fimbria, the crus, and the body of the fornix F I G U R E 2 Histograms reflect volumes of the hippocampus (A), the thalamus (B), and the thalamic subregion connected to the hippocampus (TSCH; C). Reduced volumes of the sclerotic hippocampus were observed in both the secondarily generalized tonicclonic seizures (sGTCS) and non-sGTCS groups. Reduced volume of the TSCH was observed in the sGTCS group. Post hoc Bonferroni corrected: *P < 0.05, **P < 0.01, ***P < 0.001; error bars represent standard deviations (Figure 3) . However, when the fornical pathway divides into two parts in the postcommissural fornix, only the direct fornical pathway that enters into the thalamus was preserved in the pHTP. Part of the postcommissural fornix, the mammillary body, and the mammillothalamic tract were lost ( Figure 4A ). The nonfornical pathway that connects the subiculum with the thalamic pulvinar nucleus (PuN) was also included in the DTI-derived Figure 4B ). In addition, the pHTP involved some other pathways (Figure 3) , including the anterior sublenticular pathway, the cingulum pathway, and the stria terminalis.
Before comparing the pHTP integrity, we found significant differences in integrity of hemispheric white matter among the three groups. Compared to controls, the nonsGTCS group had lower FA (P = 0.004) in the ipsilateral hemisphere only, whereas the sGTCS group had lower FA and higher MD in bilateral hemispheres (all P < 0.001 for FA and MD in both sides; Figure 5A and 5B).
In the ipsilateral pHTP, microstructural injury extent was accordant with the severity of seizures. The sGTCS group demonstrated lower raw FA and higher raw MD compared to the non-sGTCS group (P = 0.006 for FA and 0.002 for MD) and controls (P < 0.001 for FA and MD; Figure 5C and 5D). The non-sGTCS group had lower raw FA (P = 0.02) and higher raw MD (P = 0.005) than controls. After correcting hemispheric FA/MD, the sGTCS group still had lower FA (P = 0.008) and higher MD (P < 0.001) in the ipsilateral pHTP compared to controls, and lower FA (P = 0.03) and a trend of higher MD (P = 0.06) than the non-sGTCS group. In the non-sGTCS group, only corrected MD in the ipsilateral pHTP was higher (P = 0.02) compared to controls ( Figure 5E and 5F ).
In the contralateral pHTP, the sGTCS group exhibited lower raw FA (P < 0.001) compared with controls, and higher raw MD compared with the non-sGTCS group (P = 0.008) as well as controls (P = 0.003; Figure 5C and 5D). However, after correcting the hemispheric FA/MD, there were no group differences of FA or MD in the contralateral pHTP (Table S2 and Figure 5E and 5F).
| The fALFF in resting-state fMRI
The sGTCS group demonstrated lower fALFF in the sclerotic hippocampus (P = 0.02) and ipsilateral TSCH (P = 0.02) compared to controls. The non-sGTCS group had a trend of lower fALFF in the sclerotic hippocampus (P = 0.07) than controls, but not in the TSCH (P = 0.80). There were no fALFF differences in contralateral hippocampus, contralateral TSCH, or bilateral TSUH among the three groups (Table S2 and Figure 6 ).
| Correlation analysis
No correlations between image data (raw and corrected FA/MD of the pHTP, the TSCH volume, and fALFF of the hippocampus and the TSCH) and clinical parameters (age, disease duration, and seizure frequency) were found.
| DISCUSSION
Our results showed that patients with sGTCS had lower FA and higher MD in bilateral hemispheres, both of which have been shown to be markers of white matter injury. 13 After correcting hemispheric white matter integrity differences, we found that the ipsilateral pHTP was more severely impaired in patients with sGTCS than those F I G U R E 5 Histograms reflect diffusional metrics of the hemispheric white matter (wm) and the diffusion tensor imaging-derived probabilistic hippocampalthalamic pathway (pHTP). A, B, The secondarily generalized tonic-clonic seizures (sGTCS) group had more severe wm impairment in bilateral hemispheres. C, D, Raw fractional anisotropy (FA) and mean diffusivity (MD) of the pHTP are displayed, showing that the sGTCS group had bilateral pHTP injury. E, F, After correction of hemispheric FA/MD, the sGTCS group had more severe wm impairment in the ipsilateral pHTP. Post hoc Bonferroni corrected: *P < 0.05, **P < 0.01, ***P < 0.001; error bars represent standard deviations without. In contrast, integrity of the contralateral pHTP did not differ among the three groups after correction. Tractography analysis showed the hippocampus was connected to the medial thalamus. The TSCH ipsilateral to the epileptogenic zone showed lower fALFF and reduced volume in the sGTCS group compared to controls, which further supports the role of the ipsilateral pHTP in sGTCS genesis.
Keller et al 28 found that the integrity of the pHTP was associated with surgical outcomes in TLE-HS; patients with persistent seizures after resective surgery demonstrated more severe bilateral pHTP impairment than those achieving seizure freedom. In addition, patients with a history of sGTCS had lower FA in the ipsilateral pHTP than those without. 28 Our findings were consistent with Keller's. Furthermore, in our study, the group difference in the pHTP survived correction of hemispheric FA/MD values, which proved impairment of the ipsilateral pHTP was not merely a reflection of global white matter impairment in patients with sGTCS. Another DTI study revealed that abnormally enhanced structural connectivity from the hippocampus to the thalamus, especially in the sclerotic side, was negatively correlated with executive performance in a cohort of TLE-HS. 29 These studies and ours suggest that the HTP is an important pathway in the epileptogenic network in mTLE. The pHTP in this study was totally derived from probabilistic tractography in DTI. Although the same methodology was used in several previous studies, [28] [29] [30] differences between the DTI-derived pHTP and anatomical HTP deserve attention. The direct fornical pathway and the nonfornical pathway in the DTI-derived pHTP were consistent with the anatomical HTP in previous studies using fiber dissection techniques in human brain 31, 32 and neuronal traces in nonhuman primates. 33, 34 However, the mammillothalamic tract and part of the postcommissural fornix were lost in the DTI-derived pHTP ( Figure 4A ), because the mammillary body is a small gray matter structure at the bottom of the brain and becomes a "black hole" in probabilistic tractography. In addition, the DTI-derived pHTP in the current study involved some pathways originating from other mesial temporal structures (Figure 3 ), including: (1) the anterior sublenticular pathway connects the anterior thalamic nucleus (ATN) and mediodorsal nucleus (MDN) with medial temporal structures including the entorhinal cortex, perirhinal cortex, and amygdala; 33 (2) the cingulum pathway connects the lateral PuN with the parahippocampal cortex; and (3) the stria terminalis originates from the amygdala, which is very close to and parallel with the fimbria and fornix. The inclusion of these pathways was mainly due to coarse resolution of current images. Despite technical limitations, the pHTP derived from DTI in our study could incorporate the majority of fibers connecting the hippocampus and thalamus. Blumenfeld et al 35 studied cerebral blood flow change in patients with sGTCS using single-photon emission computed tomography and found that the thalamus was activated during the seizure generalization period, which provided evidence that the thalamus participates in generalization of seizures arising from the temporal lobe. Our results further revealed that sGTCS in TLE-HS is associated with both structural and functional abnormalities in the thalamus. He et al 9 reported that patients with TLE had reduced thalamocortical connectivity in resting-state fMRI, and patients with generalized seizures exhibited wider abnormalities involving the contralateral thalamus. Their results and ours suggest that sGTCS in TLE are associated with abnormal thalamic connectivity with both seizure onset zone and remote neocortex, and the thalamus may play a central role in the genesis of sGTCS.
F I G U R E 6
Histograms reflect fractional amplitude of low-frequency fluctuations (fALFF) of the hippocampus and the thalamic subregion. A, Lower fALFF in the sclerotic hippocampus was observed in patients with secondarily generalized tonic-clonic seizures (sGTCS). B, Lower fALFF in the ipsilateral thalamic subregion connected with the hippocampus (TSCH) was observed in the sGTCS group but not in the non-sGTCS group. C, No differences of fALFF in the thalamic subregion unconnected with the hippocampus (TSUH) were found among the three groups. Post hoc Bonferroni corrected: *P < 0.05; error bars represent standard deviations
We found the hippocampus was exclusively connected with the medial thalamus, including the medial part of the ATN, the MDN, and the PuN. Some studies have shown that the thalamic subregion connected to the temporal lobe 36 and the hippocampus 30 was reduced in TLE. However, based on a larger cohort, we found that only patients with sGTCS showed volume reduction in the TSCH. This was consistent with our previous findings using shape analysis based on T1 images. 11 In addition, functional data also reflected the specific role of the medial thalamus in the epileptogenic network in mTLE. Epileptic discharges were recorded by stereotaxic electroencephalography in the PuN during the ictal phase 37, 38 as well as in the ATN and MDN during the interictal phase 39 in patients with TLE. In addition, stimulation of the medial PuN could induce cortical-evoked potentials in different cortical regions. 40 Stimulation of the ATN and MDN also could decrease the connectivity of the largescale epileptic network. 41 These studies provided direct evidence that the three nuclei in the medial thalamus are all involved in patients with TLE and able to modulate epileptic activity in remote neocortex. However, simultaneous implantation of electrodes at all three nuclei is difficult in a single patient, so it is not easy to observe the sequence of these nuclei involved in the epileptic network. It was reported that TLE seizures without medial PuN involvement were always limited to the temporal lobe, 38 indicating the PuN might mediate seizure spread to extratemporal regions. Several studies suggested the MDN is always preferentially atrophied in mTLE. 42, 43 Studies in rodents revealed that inhibiting the MDN could shorten seizure duration and attenuate thalamic excitatory output to neocortex, suggesting that the MDN might contribute to seizure spread in mTLE. [44] [45] [46] The ATN is the target of deep brain stimulation for pharmacoresistant epilepsy, including TLE. 47 Yu et al 41 recently reported that high-frequency stimulation of the ATN, but not the MDN or ventral anterior nucleus, could reduce pathological epileptic discharges in the ipsilateral hippocampus, which was consistent with the anatomical basis of the HTP. The fALFF may reflect spontaneous neural activity 26 and was found to be positively correlated with glucose metabolism. 48 Reduced fALFF in the mesial temporal structure was previously observed in 16 TLE-HS patients compared to healthy controls, but no significant correlation between hippocampal volume and fALFF was found. 14 Our data based on a larger cohort showed significant positive correlation between volume and fALFF in the ipsilateral hippocampus (r = 0.33, P = 0.018) but not in the TSCH (r = 0.15, P = 0.29; Figure S1 ). The neuronal loss in the sclerotic hippocampus was more obvious than the thalamus, so spontaneous neural activity detected by fMRI might decrease correspondingly. We found fALFF of the TSCH was reduced in patients with sGTCS, suggesting the medial thalamus was inhibited during the interictal phase. However, the thalamus is activated to facilitate spreading of seizures during the ictal phase, as revealed by previous stereotaxic electroencephalographic and single-photon emission computed tomographic studies. The evolutionary pattern of thalamic activity between the ictal and postictal periods was observed in a rodent model of GTCS. 49 The study showed that the blood oxygen level-dependent signal increased in the thalamus during seizures and decreased in the postictal period. In addition to the difference between the anatomical HTP and the DTI-derived pHTP, our study had some other limitations. First, we combined left and right TLE patients, which may cancel out possible differences in sGTCS network caused by seizure lateralization. Therefore, we mixed the left and right hemisphere in a similar percentage of healthy controls to reduce lateralization bias. Second, this study was cross-sectional, and the causal relationship between thalamic alteration and sGTCS needs to be further confirmed by longitudinal studies including new onset patients.
| CONCLUSIONS
We highlighted that a structural and functional alteration in the hippocampus-medial thalamic pathway underlies the presence of sGTCS in TLE-HS. The medial thalamus may be an important structure in the generalization of seizures arising from the mesial temporal lobe. Understanding changes in epileptogenic networks associated with sGTCS could assist with improving treatment of mTLE in the future.
